ABSTRACT
INTRODUCTION
Glioblastoma, the most common primary brain tumor in adults, is a highly aggressive, invasive, and deadly malignancy [1, 2] . Glioblastoma is also one of the human malignancies with the most miserably poor prognosis: even with the best optimal treatment currently available, patients suffering from this devastating disease rarely survive 5 years, and most patients die within 2 years because of recurrence of the tumor that invariably occurs during the course of this disease and that is essentially fatal [3] . To achieve long-term survival and, ultimately, cure of the patients, control of recurrence is therefore of the utmost clinical importance; glioma stem/ initiating cells are now considered to play a critical role in this control [4] .
Cancer stem/initiating cells are a subpopulation of tumor cells that not only retain self-renewal capacity and potential to differentiate into multiple lineages similarly to normal tissue stem cells but also have the capacity, when transplanted in vivo, to initiate a tumor reproducing the characteristics of the original tumor [5, 6] . The cancer stem cell hypothesis presumes that such cancer stem cells are the "privileged few" that always remain, as the only cells capable of tumor initiation, at the apex of the hierarchical society of tumor cells composing the tumor [5, 6] , although this central tenet of the cancer stem cell hypothesis per se is now being challenged and indeed may not be applicable to some cancer types [7] . Nevertheless, a wealth of observations over decades that gave rise to and are in support of the cancer stem cell hypothesis have consistently indicated that the differentiation status of tumor cells is closely associated with their capacity to initiate tumor formation in vivo, with undifferentiated tumor cells having much higher tumor-initiating potential than differentiated ones within a tumor [6, 8] . Such tight association between differentiation and (loss of) tumor-initiating potential strongly suggests that the core mechanism controlling these seemingly disparate cellular properties is shared and that interventions to promote commitment of cancer stem/initiating cells to differentiation would also lead them to a condition where the cancer stem/ initiating cells remain deprived of their tumorinitiating potential as stably as in the differentiated status. In line with such an idea, previous reports have demonstrated that promoting differentiation of glioma stem/initiating cells reduces their tumor-initiating potential, underscoring the idea that differentiation therapy is a promising approach to deplete the stem-like, tumor-initiating cell population of glioblastoma and prevent recurrence [9] .
On the basis of the premise that elucidation of the molecular mechanism involved in the maintenance and differentiation of cancer stem/initiating cells would, therefore, provide useful clues to control their tumor-initiating potential, we have been dissecting the mechanism using glioma-initiating cells harboring stem-like properties directly derived from glioblastoma tissues. We have demonstrated that the phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathways are required for the maintenance of such stem-like glioma-initiating cells and that inhibition of both pathways induces differentiation and suppresses their tumor-initiating potential much more effectively than single pathway inhibition alone [10 -12] . Furthermore, as an explanation for such a cooperative function of the MAPK and PI3K pathways in the maintenance of stem-like glioma-initiating cells, we have recently identified FOXO3 as an integrator of these pathways. We found that FOXO3 is kept inactive through AKT-and ERK-mediated phosphorylation and that loss of phosphorylation at both the AKT and extracellular signalregulated kinase (ERK) phosphorylation sites efficiently activates FOXO3, culminating in differentiation of stem-like glioma-initiating cells. Importantly, we confirmed that FOXO3 activation is sufficient to induce differentiation and suppress the tumor-initiating potential of stem-like glioma-initiating cells, suggesting that FOXO3 activators could be a potential molecular targeting drug for glioma-initiating cell-directed therapies [13] .
Here in this study, we have identified metformin, a biguanide and the most widely used drug for the treatment of type 2 diabetes, as an activator of FOXO3 in stem-like glioma-initiating cells. Metformin activated FOXO3 via AMP-activated protein kinase (AMPK) and thereby induced differentiation of stem-like glioma-initiating cells in vitro, and effectively suppressed their tumor formation in vivo. Together with the fact that metformin has already been used safely in the clinic and that it efficiently penetrates the blood-brain barrier (BBB) and accumulates in the brain parenchyma [14] , our findings suggest that metformin is a strong candidate for clinical use as a cancer stem/initiating celltargeting drug against glioblastoma.
MATERIALS AND METHODS

Culture and Analyses of Stem-Like Glioma-Initiating Cells
Patient-derived, stem-like glioma-initiating cells used in this study were directly established from glioblastoma tissues in accordance with a protocol approved by the institutional review boards of Yamagata University School of Medicine and National Cancer Center (SJ28P3, #38, GS-Y01, 02) or were kindly provided by Drs. Tomoki Todo and Nobuhito Saito at the University of Tokyo (TGS01, 04). The details of the cells and their culture conditions are described in the supplemental online data.
Sphere formation assay, gene silencing by small interfering RNA (siRNA), immunoblot analysis, subcellular fractionation, and immunofluorescence were conducted essentially as previously described [13] , and the details of the methods as well as information on the reagents and antibodies used are given in the supplemental online data.
Mouse Xenograft Models
Subcutaneous and intracranial xenograft models were created by injecting tumor cells suspended in phosphate-buffered saline into the flank region and the corpus striatum, respectively, of 5-week-old male BALB/cAJcl-nu/nu mice. The details of the animal experiments are described in the supplemental online data. All animal experiments were performed under a protocol approved by the Animal Research Committee of Yamagata University.
Statistical Analysis
Data are expressed as means Ϯ SD, and differences were compared using a two-tailed Student's t test. Mouse survival was evaluated by the Kaplan-Meier method and analyzed by using the log-rank test. p values less than .05 were considered statistically significant.
RESULTS
Metformin Promotes Differentiation of Stem-Like Glioma-Initiating Cells into Nontumorigenic Cells In Vitro
We have recently suggested the possibility that FOXO3-activating agents could promote differentiation/loss of tumor-initiating potential of stem-like glioma-initiating cells and thus contribute to the treatment of glioblastoma [13] . In the course of our search for candidates of such clinically relevant FOXO3 activators, we tested the effect of metformin, an antidiabetic agent that is widely used in the clinic and that has recently been reported to activate FOXO3 [15] [16] [17] , on stem-like glioma-initiating cells. When stem-like glioma-initiating cells were treated with metformin and examined for their capacity to serially self-renew as spheres in the absence of metformin, metformin treatment resulted in marked inhibition of sphere formation without reducing cellular viability ( Fig. 1A, 1B ; supplemental online Fig. 1 ), suggesting that metformin reduces the self-renewal capacity of stem-like glioma-initiating cells. To determine whether the inhibition of sphere-forming capacity actually reflects loss of stem cell properties, we examined the expression of neural stem cell (NSC)/progenitor and differentiation markers. The metformin treatment reduced the expression of nestin, musashi, and Bmi1 (NSC/progenitor markers) and increased that of ␤III-tubulin (neural marker) and glial fibrillary acidic protein (GFAP; astrocyte marker) (Fig. 1C) . Immunofluorescence analysis also revealed that ␤III-tubulin-and GFAP-positive cells increased after the metformin treatment (Fig. 1D, 1E ). Thus, metformin inhibits the self-renewal capacity and promotes commitment of stem-like glioma-initiating cells to differentiation.
We next determined whether metformin-promoted differentiation of stem-like glioma-initiating cells results in loss of their tumor-initiating potential. When stem-like glioma-initiating cells pretreated in vitro with metformin were implanted into the brains of immunocompromised mice, tumor formation was substantially delayed compared with implantation of their vehiclepretreated counterparts (Fig. 1F) . Consistently, the recipient mice survived significantly longer when they were implanted with metformin-pretreated cells than with vehicle-pretreated cells (Fig. 1G) . Together, these results suggested that metformin promotes the differentiation of stem-like glioma-initiating cells and, concurrently, loss of their tumor-initiating potential. 
Metformin Promotion of Stem-Like Glioma-Initiating Cell Differentiation Is FOXO3-Dependent
Having shown that metformin promotes differentiation of stemlike glioma-initiating cells, we next asked whether the observed effects of metformin are actually via activation of FOXO3 as we initially surmised. We first determined whether metformin activates FOXO3 in stem-like glioma-initiating cells. Metformin treatment caused nuclear translocation of FOXO3, but not of FOXO1 and FOXO4 (supplemental online Fig. 2A, 2B ), accompanied by FOXO3-dependent increase in the expression of p21, the product of a known FOXO3 target gene [18] (supplemental online Fig. 2C ). Thus, metformin activates FOXO3 as a transcription factor. We then asked whether the FOXO3 activation is required for the metformin-promoted differentiation. Metformin-induced expression of the differentiation markers GFAP and ␤III-tubulin assessed by immunoblot analysis was inhibited by siRNAmediated knockdown of FOXO3 (supplemental online Fig. 2D ). Consistently, an increase in cells positive for the differentiation markers after metformin treatment was effectively blocked by knockdown of FOXO3 (supplemental online Fig. 2E, 2F ). Together, these data clearly demonstrate that metformin promotes differentiation of stem-like glioma-initiating cells via activation of FOXO3.
Metformin Activation of AMPK, a Putative Activator of FOXO3, Is Sensitive to Extracellular Glucose Concentration and Is Closely Correlated with Metformin Effects on Stem-Like Glioma-Initiating Cells
Having shown that metformin promotes differentiation of stemlike glioma-initiating cells in a FOXO3-dependent manner, we next explored the molecular link between metformin and FOXO3. Since previous studies suggested that metformin causes AMPK activation [19 -22] and that AMPK may activate FOXO3 either directly or indirectly [23] , we examined possible involvement of AMPK in metformin-induced FOXO3 activation in stemlike glioma-initiating cells. To this end, we first evaluated whether metformin treatment activates AMPK by assessing, as an indicator of AMPK activation, the phosphorylation status of Thr172 in the activation loop of the AMPK catalytic subunit ␣ [24] . Metformin treatment (1 mM) caused a significant increase in phosphorylated AMPK ( Fig. 2A ; supplemental online Fig. 3A ), suggesting that metformin activates AMPK in stem-like gliomainitiating cells. However, rather unexpectedly, phosphorylation of acetyl-CoA carboxylase (ACC), a well-established substrate of AMPK, remained unchanged. Higher concentrations of metformin failed to increase phosphorylation of either ACC or AMPK, only to reduce cellular viability (supplemental online Fig. 1 ). Since previous studies suggested that glucose concentration of the culture medium is a critical determinant of AMPK activation [25, 26] , and given that the stem-like glioma-initiating cells are maintained at a much higher glucose concentration (26.2 mM) than physiological concentrations in glioblastoma tissues (consistently lower than 5 mM) [27] , we tested the effect of lowering the glucose concentration of the culture medium ( Fig. 2B ; supplemental online Fig. 3B ). Strikingly, when cells cultured in the stem cell culture medium without glucose supplement (glucose concentration, 17.5 mM) were treated with 1 mM metformin, AMPK phosphorylation was accompanied by an apparent increase in ACC phosphorylation and was much more pronounced than when cells cultured in the stem cell culture medium with glucose supplement (glucose concentration, 26.2 mM) were similarly treated. Consistent with the increase in phosphorylated AMPK, we now observed robust phosphorylation of ACC, indicating that metformin activates AMPK far more efficiently at the lower glucose concentration (17.5 mM) than at the higher glucose concentration (26.2 mM). Of note, lowering the glucose concentration of the culture medium per se did not affect the basal activity of AMPK (i.e., phosphorylation of AMPK and ACC) ( Fig. 2B ; supplemental online Fig. 3B ). We also observed that, importantly, metformin activation of FOXO3 is augmented at the lower glucose concentration as revealed by increased nuclear FOXO3 ( Fig. 2C ; supplemental online Fig. 3C ) and p21 expression ( Fig. 2B ; supplemental online Fig. 3B ), in parallel with the enhanced activation of AMPK. We then determined whether such difference of AMPK activation efficiency at different glucose concentrations influences the effect of metformin on the stem cell properties of stem-like glioma-initiating cells. In close correlation with the enhanced activation of AMPK, loss of stem cell marker expression and induction of differentiation marker expression after metformin treatment were considerably promoted at the lower glucose concentration (17.5 mM) ( . 4 ). The result of serial sphere formation assay also revealed that cells treated with metformin at the lower glucose concentration remained incapable of sphere formation over serial passages, whereas those treated at the higher glucose concentration recovered their ability to form spheres after repeated passages ( Fig. 2H ; supplemental online Fig. 3H ). In sum, these results indicate that the glucose concentration of the culture medium is a critical factor determining metformin activation of AMPK and FOXO3 and that the level of AMPK activation is closely correlated with metformin-promoted differentiation of stem-like gliomainitiating cells.
Pivotal Role for the AMPK-FOXO3 Axis in MetforminPromoted Differentiation of Stem-Like Glioma-Initiating Cells
Prompted by the close association among the activation status of AMPK, FOXO3 activation, and differentiation, we next asked whether the AMPK activation plays a causal role in metforminpromoted FOXO3 activation and consequently differentiation of stem-like glioma-initiating cells. Under the experimental condition whereby knockdown of the AMPK␣ catalytic subunit effectively prevented metformin-induced phosphorylation of ACC ( Fig. 3A ; supplemental online Fig. 5A ), FOXO3 activation (expression of nuclear FOXO3 and p21) by metformin was almost completely blocked (Fig. 3A, 3B ; supplemental online Fig. 5A , 5B), and the differentiation-promoting effect of metformin was substantially compromised (Fig. 3A, 3C, 3D ; supplemental online Fig, 5A , 5C, 5D). To definitively determine whether AMPK contributes to metformin-promoted differentiation through its function as a kinase, we also tested the effect of compound C, a cell-permeable pharmacological inhibitor of AMPK that inhibits the kinase activity of AMPK in ATP-competitive manner. Compound C was as effective as knockdown-mediated inhibition of AMPK in preventing metformin-induced ACC phosphorylation (supplemental online Fig. 6A, 6E ), FOXO3 activation (supplemental online Fig.  6A, 6B, 6E, 6F) , and differentiation (supplemental online Fig. 6A,  6C-6E, 6G, 6H ). To formally exclude the imaginable possibility that FOXO3 acts upstream of AMPK in the metformin-elicited intracellular signaling culminating in differentiation, we examined the effect of FOXO3 inhibition on AMPK activation. FOXO3 knockdown, which did inhibit metformin-induced differentiation ( Fig. 3E-3G ; supplemental online Fig. 5E-5G) , had no appreciable effect on metformin-induced activation of AMPK ( Fig. 3H ; supplemental online Fig. 5H) . Thus, collectively, the data indicate that AMPK-dependent activation of FOXO3 (the AMPK-FOXO3 axis) plays an essential role in metformin-promoted differentiation of stem-like glioma-initiating cells.
Previously, we demonstrated that FOXO3 activation is sufficient to promote differentiation of stem-like glioma-initiating cells. We therefore wished to ask in this study whether, similarly, AMPK activation is not only required for differentiation promoted by metformin but also sufficient by itself to commit them to differentiation even in the absence of metformin treatment.
In an attempt to test this point, we took advantage of 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR), a cellpermeable precursor to ZMP (AICAR monophosphate), an AMP mimetic that binds to the AMPK␥ subunits and thus activates AMPK directly [28] . As expected, AICAR treatment of stem-like glioma-initiating cells caused activation of AMPK as indicated by increased phosphorylation of AMPK and ACC ( Fig. 4A ; supplemental online Fig. 7A ) and was also sufficient to induce the expression of nuclear FOXO3 ( Fig. 4B ; supplemental online Fig. 7B ) and its target gene product p21 ( Fig. 4A ; supplemental online Fig. 7A ), indicating that AICAR activates FOXO3. Importantly, AICAR activation of FOXO3 as assessed by its nuclear translocation and p21 expression was impaired when AMPK was inhibited either genetically by siRNA-mediated knockdown or pharmacologically by use of compound C, indicating that AICAR does activate FOXO3 via AMPK ( Fig. 4B-4D ; supplemental online Fig. 7B-7D ). Consistent with its ability to activate FOXO3, AICAR inhibited sphere formation ( Fig. 4E, 4F ; supplemental online Fig. 7E, 7F ) and promoted differentiation ( Fig. 4G, 4H ; supplemental online Fig. 7G, 7H) . Thus, these results of AICAR experiments lend strong support to the idea that AMPK activation is sufficient to promote commitment of stem-like glioma-initiating cells to differentiation via activation of FOXO3.
Because previous studies have shown that metformin may inhibit mammalian target of rapamycin (mTOR) dependently and independently of AMPK [29, 30] and that mTOR inhibition could affect FOXO3 [31] , we also investigated the possibility that metformin activates FOXO3 via mTOR inhibition. However, the phosphorylation of p70 S6 kinase, a representative substrate of mTOR, remained unchanged even after the metformin treatment ( Fig. 2B ; supplemental online Fig. 3B ), arguing against the involvement of mTOR in metformin activation of FOXO3. Altogether, the data demonstrate that the AMPK-FOXO3 axis plays a pivotal role in metformin-promoted differentiation of stem-like glioma-initiating cells.
The AMPK-FOXO3 Axis Negatively Regulates the TumorInitiating Potential of Stem-Like Glioma-Initiating Cells
The pivotal role of the AMPK-FOXO3 axis demonstrated in the control of differentiation of stem-like glioma-initiating cells strongly suggested that the axis also has a key role in the control of their tumor-initiating potential. We therefore evaluated next the impact of activating the AMPK-FOXO3 axis on the tumorinitiating potential of stem-like glioma-initiating cells.
As shown earlier, metformin activates the AMPK-FOXO3 axis in stem-like glioma-initiating cells, which is further augmented at the lower glucose concentration (17.5 mM) than at the higher glucose concentration (26.2 mM) ( Fig. 2B, 2C ; supplemental online Fig. 3B, 3C ). To determine, first, whether activation of the AMPK-FOXO3 axis is associated with loss of tumor-initiating potential, we subjected stem-like glioma-initiating cells to metformin treatment in vitro at the higher and lower glucose concentrations and then assessed their tumor-initiating potential in the intracranial xenograft analysis. The results clearly indicated that survival of the tumor-bearing mice is extended in good association with the preimplantation activation status of the AMPK-FOXO3 axis of the implanted cells (Fig. 5A , 5B), suggesting that the axis negatively regulates the tumor-initiating potential of the cells. Then, to definitively establish that the activation of the AMPK-FOXO3 axis deprives stem-like glioma-initiating cells of their tumor-initiating potential, we treated the cells with AICAR in vitro to directly activate the AMPK-FOXO3 axis ( Fig. 4A,  4B ; supplemental online Fig. 7A, 7B ) and then subjected them to the intracranial xenograft analysis. The AICAR treatment substantially delayed or even prevented tumor formation by stemlike glioma-initiating cells (Fig. 5C, 5D ), suggesting that activation of the AMPK-FOXO3 axis may be sufficient to inhibit their tumorinitiating potential. Thus, the data clearly demonstrate that the AMPK-FOXO3 axis is a negative regulator of the tumor-initiating potential and also suggest that the axis may be at least in part responsible for the inhibitory effect of metformin on tumor initiation by stem-like glioma-initiating cells.
Systemically Administered Metformin Depletes the Self-Renewing and Tumor-Initiating Cell Population Within Established Tumors
The results of our in vitro analyses demonstrated that metformin effectively promotes commitment of stem-like glioma-initiating cells to differentiation accompanied by loss of tumor-initiating potential, at least in part through activation of the AMPK-FOXO3 axis. We then asked, with an intention to explore the therapeutic potential of metformin in glioblastoma treatment, whether metformin effectively inhibits tumor initiation by stem-like gliomainitiating cells in vivo as well.
To evaluate such in vivo effectiveness of metformin and demonstrate in the most straightforward and unequivocal manner that metformin targets stem-like glioma-initiating cells in vivo and differentiates them into cells incapable of self-renewal and tumor initiation, we treated tumor-bearing mice with systemic administration of metformin for a defined period and then examined the impact of the short-term in vivo metformin treatment on the self-renewing and tumor-initiating cell population within the tumors. We generated subcutaneous tumors in nude mice by implanting stem-like glioma-initiating cells, and when the tumor diameter reached 8 -9 mm, the tumor-bearing mice received daily intraperitoneal injections of metformin (500 mg/ kg) or the vehicle control for 10 consecutive days. Comparison of the tumor volumes before and after the metformin treatment indicated that the metformin treatment has only marginal inhibitory effect on the growth of the tumors in vivo (supplemental online Fig. 8 ). After completion of the 10-day treatment, the tumors were excised, dissociated, and subjected to sphere formation assay to assess the abundance of the stem cell population with self-renewal capacity within the tumors. Compared with control-treated tumors, tumors treated in vivo with metformin yielded significantly smaller numbers of tumorspheres (Fig. 6A, 6B) . At the same time, we also subjected the dissociated tumor cells to xenograft analyses. Subcutaneous transplantation of tumor cells treated in vivo with the vehicle control led to rapid formation of secondary tumors. In stark contrast, the in vivo metformin treatment remarkably delayed or even prevented secondary tumor formation by the subcutaneously transplanted tumor cells (Fig. 6C-6E) . Similarly, whereas intracranial transplantation of the control-treated tumor cells invariably led to massive brain tumor formation and eventual death of the recipient mice, mice receiving tumor cells treated in vivo with metformin in general survived much longer, and some were still alive without any signs of brain tumor burden even after an extended observation period (160 days after transplantation) (Fig. 6F-6H) . Altogether, these data clearly demonstrate that metformin treatment depletes the self-renewing and tumor-initiating cell population within established tumors in vivo.
Systemically Administered Metformin Effectively Suppresses Tumor Formation by Stem-Like GliomaInitiating Cells Implanted in the Brain Parenchyma and Prolongs Survival of Recipient Mice
Since glioblastomas are highly invasive in nature, it is essential that therapeutic agents targeting glioma-initiating cells do reach tumor cells that deeply infiltrate the brain and are therefore protected by the intact BBB. Given the well-documented property of metformin to penetrate the BBB and efficiently accumulate in the brain parenchyma after systemic administration [14] , we next tested the effect of systemically administered metformin against stem-like glioma-initiating cells in the brain parenchyma. To correctly evaluate whether metformin promotes "commitment" of the cells to differentiation into nontumorigenic cells, it is desired that metformin treatment be initiated as early as possible after implantation of stem-like glioma-initiating cells before they produce nonstem progenies and be discontinued after a defined period (because, otherwise, it is impossible to discern whether the observed antitumor effect of metformin is due to its expected effect or simply to reversible proliferation block). We therefore, in the initial treatment protocol, started metformin treatment (500 mg/kg per day, intraperitoneal injection) on the next day of implantation, and metformin was administered for 5 consecutive days thereafter and then discontinued. When recipient mice with intracranially implanted stem-like glioma-initiating cells were treated under this treatment protocol, brain tumor formation was retarded, with the survival of the mice treated with metformin being extended by approximately 2 weeks compared with the control mice that invariably succumbed to brain tumors within 1 month (Fig. 7) . Since mice tolerated this 5-day treatment protocol quite well, we modified the protocol so that metformin was administered for 10 consecutive days. Mice again tolerated this modified metformin treatment protocol quite well, and strikingly, the 10-day protocol successfully suppressed brain tumor formation and extended mouse survival by approximately 1 month, almost doubling the survival time (Fig. 7) . These results clearly demonstrate that metformin effectively targets stem-like glioma-initiating cells in the brain parenchyma and also suggest that metformin inhibits brain tumor formation by depletion of stem-like glioma-initiating cells rather than by simply blocking their proliferation.
DISCUSSION
In the course of our search for therapeutic FOXO3-activating agents that induce differentiation and inhibit tumor-initiating potential of stem-like glioma-initiating cells, we identified metformin as one such agent and also found that AMPK plays a pivotal role in metformin-promoted FOXO3 activation and differentiation of stem-like glioma-initiating cells. In addition to the two patient-derived cells used in the main analyses of the present study, we tested the effect of metformin on three other patientderived stem-like glioma-initiating cells and confirmed that metformin efficiently activates AMPK and induces differentiation in all of them (supplemental online Fig. 9 ). Thus, the susceptibility to the metformin effect and the role of the AMPK-FOXO3 axis in the control of differentiation/tumor-initiating potential might be common to stem-like glioma-initiating cells in general, which is a great advantage when metformin and/or AMPK-FOXO3-targeting drugs are considered for clinical application.
Most importantly, we have demonstrated in this study that systemic administration of metformin for a defined, short-term period is sufficient to successfully deplete the tumor-initiating cell population within established tumors and to suppress brain tumor formation by stem-like glioma-initiating cells in the brain so effectively as to provide substantial survival benefit. Thus, to the best of our knowledge, metformin is the first drug capable of depleting stem-like glioma-initiating cells in vivo in a therapeutically significant manner (i.e., with significant survival benefit) via systemic administration. Although we did not achieve a "cure" in the orthotopic xenograft treatment model (Fig. 7 ) in this study, this might have been possible if we had extended the treatment period, decreased the initial tumor burden (i.e., the number of stem-like glioma-initiating cells at the time of treatment initiation), or both. Indeed, such factors (treatment period and initial tumor burden) are expected to become critical factors that may influence the therapeutic impact of metformin when it is used in clinic. Together with the fact that metformin easily penetrates the BBB and accumulates in the brain parenchyma [14] , as well as with the fact that metformin has been widely and safely used in clinic as an antidiabetic drug [32, 33] , our findings imply that metformin is by far closer to the clinic than any other drugs reported to date that target stem-like glioma-initiating cells. Of note, although this is the first study to demonstrate the ability of metformin to differentiate stem-like glioma-initiating cells into nontumorigenic cells, there is an in vitro study reporting that metformin either inhibits cellular proliferation or induces apoptosis of serum-cultured glioma cell lines in cell density-dependent manner [34] , which suggests that metformin may have a growth inhibitory effect on bulk glioblastoma cells as well. Consistent with this report, we observed that systemic administration of metformin does retard, albeit modestly, the growth of established tumors (supplemental online Fig. 8) . Thus, our results may also be the first evidence that metformin has a growth inhibitory effect on bulk glioblastoma in vivo. Compared with glioblastoma, the antitumor effect of metformin has been studied and documented in somewhat more detail in a number of human cancers, most typically breast cancer [32, 33] . The inhibitory effect of metformin on cancer stem cells of breast, prostate, and lung cancers has also been reported [35, 36] . Nevertheless, the molecular pathway(s) mediating such antitumor effect of metformin still remains ill-defined. Although AMPK appears to be a common, key molecule for the antitumor effect of metformin in most instances, a number of downstream molecules/pathways have been proposed, of which AMPK-mediated downregulation of mTOR (the AMPK-mTOR axis) is considered to play a major role [32, 33] . Here in this study, we have shown that, instead of the well-known AMPK-mTOR axis, AMPKmediated activation of FOXO3 plays a predominant role in metformin-mediated promotion of stem-like glioma-initiating cell differentiation into nontumorigenic cells. Apparently, this is the first demonstration that the AMPK-FOXO3 axis has a role in the antitumor effect of metformin. It remains unknown at this moment whether the role of this AMPK-FOXO3 axis in the antitumor effect of metformin is unique to glioblastoma or to cancer stem cells, but future investigations will clarify this point and delineate the role of this axis in other human cancers as well as in stem and nonstem cancer cells.
In addition to the therapeutic impact of metformin, we have also shed the very first light in this study on AMPK as a critical molecule involved in the control of differentiation and tumorinitiating potential of stem-like glioma-initiating cells. Of note, the activity of AMPK (and, similarly, FOXO3) was required for metformin-promoted differentiation of stem-like glioma-initiating cells but not for loss of stem cell marker expression and selfrenewal capacity caused by metformin (not shown). However, AMPK activation by the direct activator AICAR was sufficient to inhibit stem cell marker expression/self-renewal capacity and induce differentiation. Thus, the findings suggested that (a) metformin may cause initial loss of stem cell marker expression/selfrenewal capacity independently of the AMPK-FOXO3 axis, and (b) the activation of the AMPK-FOXO3 axis may promote full differentiation of such "intermediate" cells and also ensure that they will not regain stem cell properties. On the other hand, it remains to be shown whether AMPK is required for the inhibitory effect of metformin on the tumor-initiating potential of stemlike glioma-initiating cells. However, our results indicated that AMPK activation, similarly to differentiation, is sufficient to inhibit their tumor-initiating potential, quite in line with our previous observation that FOXO3 activation is sufficient to inhibit it. Thus, although our study does not necessarily preclude activation of another, parallel signaling pathway(s) by metformin that negatively regulates the tumor-initiating potential of stem-like glioma-initiating cells in conjunction with the AMPK-FOXO3 axis, our findings clearly indicate that, once activated, the AMPK-FOXO3 axis has a dominant role in the inhibition of the tumorinitiating potential of stem-like glioma-initiating cells and is therefore a potential target of cancer stem/initiating cell-directed glioblastoma therapy.
Quite intriguingly, our identification of AMPK, a key sensor and regulator of cellular metabolism [24] , as a critical regulator of differentiation and tumor-initiating potential of stem-like glioma-initiating cells suggests a novel molecular link between glioblastoma cell biology and cellular metabolism, which is apparently subject to the environmental milieu surrounding the tumor cells. Indeed, we observed that the effect of metformin was substantially compromised against cells cultured at a higher glucose concentration (26.2 mM) where AMPK activation was restrained. We also noted that stemlike glioma-initiating cells cannot be maintained for a long time when the glucose concentration of the culture medium was reduced from 26.2 to 17.5 mM (unpublished observation). These observations point to the possibility that glucose metabolism could have a significant impact on the therapeutic response and/or recurrence of glioblastoma, given the expected role of stem-like gliomainitiating cells in these processes.
CONCLUSION
We have demonstrated for the first time in this study that metformin, as a FOXO3 activator, is a viable therapeutic agent for cancer stem/initiating cell-directed glioblastoma therapy and that, upon systemic administration, it crosses the BBB and prevents brain tumor formation by stem-like glioma-initiating cells. The key role of the AMPK-FOXO3 axis in the control of stem-like glioma-initiating cells demonstrated in this study gives rise to the novel and intriguing idea that interventions to modulate cellular metabolism could contribute to the prevention and therapy of glioblastoma.
